Abstract: A three-dimensional backfill pipeline transport model is developed using the computational fluid dynamics (CFD) technique, which is applied to study the pipeline transport properties of three-phase foam slurry backfill (TFSB). Based on rheological property tests and CFD simulations, the foam phase, pressure, and velocity in the pipeline system are investigated using the CFD mixture method for different bubble volume fractions and bubble diameters. The simulation results indicate that TFSB can maintain a steady state during pipeline transport, experience a markedly reduced pipeline transport resistance, and exhibit better liquidity than conventional cement slurry. Furthermore, as the bubble volume fraction increases, the resistance of the pipeline decreases and the fluidity improves. By contrast, the bubble diameter has little effect on the transport properties of TFSB. The combined results of CFD simulations, slump tests, and strength tests indicate that, when the bubble volume fraction is 15-20 vol %, TFSB can satisfy the necessary strength requirements and exhibit self-flowing transport. The CFD technique provides an intuitive and accurate basis for pipeline transport research and has the potential for wider application in studies of mine backfill.
Introduction
Paste backfill technology represents an important direction for the development of mine backfill techniques [1] [2] [3] [4] [5] . After many years of continuous exploration and practice, paste backfill technology has been accepted and applied in numerous countries throughout the world by virtue of its advantages in terms of environmental protection, emission reduction, safety, and other aspects [6] [7] [8] . Backfill pipeline systems have been established in many mines as transportation systems to transport backfill material from the surface to the goaf [9] . As mining depth increased, these backfill pipelines have become much longer and deeper than before, and it has become difficult to achieve self-flowing transport of conventional cement slurry because of its poor fluidity. Although paste pumping technology can solve this problem, the purchase and maintenance of the necessary backfill pump equipment represents an enormous expenditure for a mine. Therefore, an increasing amount of attention has been paid to improve the transport properties of paste slurry while satisfying the transportation and strength requirements of the backfill [10] .
Foam concrete is a new type of lightweight concrete material, which is composed of standard foam and cement and possesses a large number of closed pores. With high fluidity and low cement and aggregate usage, foam concrete is applied in sandwich structures, earth-retaining walls, and running tracks or playgrounds [11] . Based on successful experiences with applying foam concrete, Zhang et al. [12] and Chen et al. [13] have studied the application of foam slurry in mine backfill and have concluded that the backfill can meet the requirements.
For the continuous improvement of foam slurry backfill technology, research on the pipeline transport properties of solid-liquid-gas three-phase foam slurry backfill (TFSB) is necessary. In the past, research on pipeline transportation technology has been performed mostly based on analogy, experience-based formulas, and laboratory experiments to determine the optimal slurry backfill parameters [14, 15] . However, such methods cannot be used to investigate the effects of foam factors (bubble volume fraction, bubble diameter, and so on) on the motion characteristics, pipe pressure loss, and changes in velocity of slurry backfill. With the development of computer technology, computational fluid dynamics (CFD) [16, 17] , which is based on classical fluid mechanics and numerical methods, has begun to be used to study the properties of slurry pipelines for backfill. Eesa and Barigou [18] published a CFD analysis of viscous non-Newtonian flow under the influence of a superimposed rotational vibration.
In this paper, the CFD technique is used to build a 3D pipeline transport model, which is applied to simulate the transport properties of TFSB. These simulations are combined with laboratory tests to study the effect of foam on the rheological properties of backfill slurry.
Materials and Methods

Foam Slurry Materials
Constituent Materials
TFSB refers to a backfill material that is synthesized from an admixture foam, cement, water, and necessary additives, which are mixed according to certain proportions and hardened by physical and chemical effects. In the case of a high slurry concentration and a low water-to-cement ratio, it also maintains good fluidity [19] . Foam was produced by a high-performance soil foaming agent of the SR-FL-001 [20] (dilution ratio 1:20 by weight). The basic properties of the standard foam are as follows: a density of 40-60 kg/m 3 , a foam diameter of 30-100 μm, and segregation-free foam when the temperature is above 0 °C. Cement was P.O 42.5R [21] . The water used in this research was tap water. In this study, mine tailings from a lead-zinc mine in China were used as additives, whose particles are less than 0.074 mm and about 80 wt %, and their mean grain size (d50) is 24.2 μm.
Manufacturing Process
The preparation of foam slurry is divided into three steps. Figure 1 summarizes the manufacturing process.
Foam preparation:
A special foaming agent is fully mixed with water according to a given dilution ratio to generate foam. Then, the diluted liquid is loaded into a foaming gun along with compressed air at a certain pressure to prepare a standard-density foam. 2. Cement slurry preparation: Cement, tailings, and water are mixed according to given proportions to prepare the cement slurry. 3. TFSB preparation: The premade cement slurry and standard-density foam are mixed in a given proportion to prepare the TFSB. 
Test Methods
Rheological Test
Rheological properties of TFSB were measured using a rheometer (R/S Plus) from Brookfield Engineering Laboratories, Inc (Middleboro, MA, USA). According to the proportion ratio, the slurry was mixed as uniformly as possible for 5 min and subsequently placed in the rheometer. The rotor speed of rheometer increased gradually from zero and ran for 120 s. Record shear stress and plastic viscosity per second.
Slump Tests
The slump test was originally developed to determine the "workability" or "consistency" of fresh concrete, and the standard slump instrument is a tapered cylinder with a height of 30 cm, an upper diameter of 10 cm, and a bottom diameter of 20 cm [22] . The slurry was poured into the slump instrument and tamped. Then picked up the slump instrument quickly, and the slurry flowed freely. The distance from the top of the slurry to the top of the slump instrument was measured after the slurry shape is stable; the distance is the slump value.
Strength Tests
The slurry was molded in dimensions of 70.7 mm × 70.7 mm × 70.7 mm, and the specimens were maintained by a TH10D laboratory humidifier (Texingda, Beijing, China), which was kept working to ensure that the temperature was controlled within a range of 23-26 °C and that the humidity was controlled within a range of 83%-87%. The compressive strength was tested respectively after 7 and 28 days by a WDW-2000 rigid hydraulic pressure servo machine (Ruite, Guilin, China).
CFD Simulation
As shown in Figure 2 , a three-dimensional model was developed for a typical L-shaped backfill pipeline for long-distance transport, which was used here to study the transport properties of TFSB. The pipe is made of seamless steel, and its detailed geometrical parameters are a vertical height of 100 m, a horizontal length of 500 m, a diameter of 102 mm, an elbow angle of 90°, and an elbow radius of 1 m. The model can be used to analyze the velocity and pressure distribution of the slurry. The model was established and meshed in Gambit, and the calculation accuracy was confirmed by the mesh number. Six groups of different mesh numbers are tested on the model and compared in terms of pressure, velocities, and volume fraction to ensure a mesh-independent solution. The results show that, when the mesh number exceeds 2.08 × 10 6 , the variations of pressure, velocity and volume fraction are so little that these can be negligible generally. We found that the mesh number of 1.28 × 10 6 gives about a 1% deviation compared to the mesh number of 2.08 × 10 6 ; the mesh number of 3.24 × 10 6 gives about a 9% deviation compared to the mesh number of 2.08 × 10 6 . Therefore, the mesh number of 2.08 × 10 6 was found to be sufficient for the numerical simulation. As an index of the computational cost, the model takes approximately 2 h of computing time on a workstation with two quad-core processors (2.57 GHz) and 16GB of RAM (Random-Access Memory). 
Governing Conservation Equations
TFSB is composed of a gaseous foam, solid aggregates and cement, and liquid water. In this work, to fully represent the effect of the foam on the transport properties of the backfill slurry, simplified CFD simulations of a two-phase flow are considered, in which the cement slurry is treated as the first phase and the foam is treated as the second phase. The Fluent CFD tool was used to perform the simulations, and the interfaces between the slurry and foam were tracked using the mixture method (MIX). When using MIX for interface tracking, it is customary to use a two-phase model, i.e., a model with a mixture pressure field, a mixture velocity field, mixture density, and a second phase volume fraction [23] . In MIX, the finite volume discretized forms of the equations that govern the conservation of mass, momentum and volume fraction (Equations (1)- (3)) are solved over a collocated grid arrangement using a segregated solver approach (the PISO algorithm) for the pressure-velocity calculations. MIX allows phases to pass through each other; thus, the volume fraction of each phase can take arbitrary values between 0 and 1. At the same time, the characteristics of the mixed fluid in the control region are determined by each phase [23] . The formulas for the viscosity can be written as shown in Equation (4).
where m is the mixture mass, m ρ is the mixture density (kg/m 3 ), k ρ is the density of phase k
α is the volume fraction of phase k (%), n is the number of phases, p ∇ is the difference in pressure (Pa), m μ is the viscosity of the mixture (Pa·s), g is the acceleration of gravity (i.e., 9.8 m/s 2 ), and F  is the volume force (Pa).
Flow State
The flow state of the fluid can be determined based on the Reynolds number. The three-phase flow of foam slurry is non-Newtonian, and the equation for the Reynolds number based on the plastic viscosity can be written as follows [24] :
where Re is the Reynolds number, ρ is the density of the slurry (kg/m 3 ), v is the velocity of the slurry (m/s), and μ is the viscosity (Pa·s).
When the Reynolds number is less than 2300, the flow state of the fluid in the pipeline is laminar; when the Reynolds number is more than 2300 but less than 4000, the flow is in a transition state between laminar and turbulent flow; when the Reynolds number is greater than 4000, the flow state is turbulent [25, 26] . Generally, when the bubble volume fraction is 0-40 vol %, calculated by Equations (2) and (3), their corresponding mixture viscosity is 0.4100-0.2780 Pa·s, and the mixture density is 1750-1070 kg/m 3 . Assuming the backfilling ability is 60 m 3 /h, the velocity is 2.24 m/s. Therefore, the Reynolds value is 975-879. The maximum Reynolds is 975 when the bubble volume fraction is 0 vol % and less than 2300, the slurry flow state is laminar.
Boundary Conditions
The effects of heat exchange, vibration, stress waves, and compression are not considered in the simulations [27] . The applicable boundary conditions are assumed as follows:
(1) At the walls: the wall is stationary and no-slip. (2) At the pipe inlet, the velocity (v) function given below is used at the inlet face [28] :
where Q is the slurry flow backfilling ability (m 3 /h), D is the diameter of the backfill pipe (m), the value of which is 0.102 m, k is a constant, and the value is 1.1. Thus, when the backfilling ability is 60 m 3 /h, the slurry velocity is 2.24 m/s. (3) At the pipe outlet, the outflow function is used at the outlet face. (4) In the calculation domain, a gravity field is applied, and the standard atmospheric pressure (1 bar) is used as the reference to atmospheric pressure.
Results and Discussion
Foam Formation Characteristics
Foam is a porous membrane dispersion system formed of a mixture of liquid and gas, in which the liquid is in a continuous phase and the gas is in a dispersed phase, and a standard foam flow is the necessary condition and foundation for foam slurry preparation. During the foaming process, surfactant molecules adhere to and orient on the gas-liquid interfaces to form a monolayer [29] . The foam formation process is illustrated in Figure 3 . Figure 3a shows the formation of a bubble in the water and the adsorption of a large number of surfactant molecules on its surface. The hydrophilic groups are oriented toward the water, and the hydrophobic groups are oriented toward the air. Figure 3b depicts the bubble rising in the water and the formation of two monolayer films, an inner and an outer layer. Figure 3c shows the surfacing of the bubble, when it finally becomes a free bubble. The surfactant molecules effectively overcome the surface tension of the bubble. As shown in Figure 4 , when the slurry is mixed with the foam in a mixing tank, under the action of external forces, the solid particles and bubbles collide with and adhere to each other at a certain speed and angle, ultimately forming TFSB. The stability of the foam is the key to the preparation of TFSB [30] . A greater viscosity leads to better stability but poorer foamability. In addition, the bubble size is also an important factor affecting the stability of the foam; under normal circumstances, when the bubble size is uniform, the stability of the bubbles is good.
Test Results Analyses
Rheological Properties
TFSB is similar to a paste slurry material because of its high mass fraction, low water content, and good integrity. In the present work, the flow of slurry is modeled as a Bingham fluid [31] . A fluid that behaves as a solid until a minimum yield stress 0 τ is exceeded, and that exhibits a linear relation between the shear stress and the share rate of deformation, is referred to as a Bingham plastic. The shear stress model for a Bingham fluid is [32] 
where τ is the shear stress (Pa), 0 τ is the yield stress (Pa), μ is the plastic viscosity (Pa·s), and γ  is the share rate (1/s). Figures 5a,b show the evolutions of the shear stress and the plastic viscosity with the share rate for the cement slurry and the standard foam. Figure 5a shows that the relationship between the shear stress and the shear rate is linearly increasing. The yield stresses of the cement slurry and the standard foam are 68.23 and 15.54 Pa, respectively. Figure 5b shows that the relationship between the plastic viscosity and the shear rate is exponentially decreasing. The plastic viscosity tends to reach a stable value for shear rates higher than 60 r/s, and these stable values of the plastic viscosity for the cement slurry and the standard foam are 0.41 and 0.08 Pa·s, respectively. In the present CFD simulations, these values are used as the average values for the rheological properties of the materials. However, in reality, slurry is not a homogeneous fluid. Therefore, in the simulations, each phase is treated as a homogeneous body, and all phases are mixed in motion; the rheological properties of the cement slurry and standard foam are as shown in Table 1 . 
Slump
The method used to perform the laboratory experiments conducted in this study is depicted in Figure 6a . Using this device, the slump behaviors of TFSB materials with different bubble volume fractions were detected, and the results are shown in Figure 6b . As shown in Figure 6b , the slump increases with the increasing of bubble volume fraction, which shows that the lubrication of bubbles is helpful to improve the fluidity of slurry. Generally, the slump of paste is from 15 to 25 cm. When the slump is between 15 and 22 cm, the slurry is a small slump paste; in such a case, the dehydration equipment and pumping equipment is necessary. Especially when the slump is less than 20 cm, industrial applications are not easily made. Thus, the paste where the slump was between 22 and 25 cm was widely used and was called the "big slump paste" [33] . Figure 6b shows that, when the bubble volume fraction is 15, 20, and 25 vol %, the slump is 23.4, 23.8, and 24.9 cm, respectively. The slurry has good fluidity and meets the requirements of the big slump paste. 
Strength
The strength of specimens was tested with bubble volume fractions from 0 to 40 vol %, and the results after 7 and 28 days are shown in Figure 7 . As shown in this figure, the strength decreases with the increase of the bubble volume fraction, which shows that the bubbles are of no advantage in terms of improving the strength. The trend lines of strength with the bubble volume fraction are illustrated in Figure 7 , and there is a linear relationship between the strength of 7 days and the bubble volume fraction. However, for the strength of 28 days, there is a rapid decrease when the bubble volume fraction exceeds 20 vol %. The strength of backfill is an important factor to ensure the safety of stopes [34] . The foam can improve the fluidity of slurry, but the excessive foam is harmful to ensure the strength of backfill. Therefore, the bubble volume fraction from 15 to 20 vol % is a better choice.
Effect of Bubble Volume Fraction
During the process of preparing TFSB, the quantity of the standard foam is measured based on the bubble volume fraction, which indicates the volume fraction of the standard foam. In this work, the influences of different bubble volume fractions and different average bubble diameters on the pipeline performance of foam slurry are simulated and studied. The basic properties of the cement slurry and the standard foam are shown in Table 2 . (4)) and simulation are shown in Table 3 . Analysis shows that the simulated viscosity values are close to the theoretically calculated values, with a relative error between them of no more than 0.4%. Thus, the mixture is evenly mixed during pipeline transport. The foam phase in TFSB exists in the form of bubbles. The simulations show that the bubbles maintain a uniform distribution in the pipeline. In the vertical section of the pipe, the TFSB is mainly affected by gravity and the wall viscosity. Because of the low air density, the bubbles are easily pushed toward the wall of the pipe, which causes the bubble volume fraction to be small in the center of the pipe. At the elbow, the foam slurry is influenced by centrifugal force; consequently, the bubble volume fraction distribution presents an overall decreasing trend from the inside to the outside of the elbow, and the bubble volume fraction distribution is not stable with variations in the slurry flow. In the horizontal section of the pipe, the TFSB is mainly affected by buoyancy. After long-distance transport, the slurry maintains a stable flow, and the bubble volume fraction distribution shows a decreasing trend from the top to the bottom of the pipe, but the difference is too small. Hence, the bubble volume fraction is almost constant, and the pipeline transport of the foam slurry is feasible. The bubble volume fraction distribution for a bubble volume fraction of 15 vol %, which follows the identified bubble volume fraction distribution law, is shown in Figure 8 . 
Pressure
To realize self-flowing transport of a backfill material through a pipeline, the gravitational potential energy must be greater than the resistance loss of the pipeline, which is defined as the total pressure difference between the inlet and outlet of the pipeline. The equations for the gravitational potential energy and resistance loss are as follows [35] :
where p is the gravitational potential energy (Pa), g is the acceleration of gravity (i.e., 9.8 m/s 2 ), h is the height difference (m), f h is the resistance loss (Pa), y p is the total pressure difference (Pa), in p is the total pressure at the inlet (Pa), and out p is the total pressure at the outlet (Pa).
Sixty points along the middle line of the pipe were chosen to investigate the evolution of the total pressure. As shown in Figure 9 , the total pressure in the pipeline decreases from the inlet to the outlet, and the total pressure value at a given point increases with an increase in the bubble volume fraction. In simulations, the inlet is supposed to be connected to the atmosphere, and an atmospheric pressure at the inlet is set as the reference pressure. Thus, with the decrease of pressure, there is a negative pressure at the latter part and the outlet of the pipeline. Table 4 lists the inlet and outlet pressures in the pipeline for different bubble volume fractions and shows that the total resistance and average resistance of the pipe decrease as the bubble volume fraction increases. When the bubble volume fraction is greater than 15 vol %, the total reduction in resistance compared with the cement slurry alone exceeds 0.22 MPa, which corresponds to a proportional reduction of more than 12%. In addition, the reduction in the average resistance exceeds 0.36 kPa/m, also corresponding to a proportional reduction of more than 12%. The results thus indicate that the addition of foam can reduce the resistance during slurry transport and improve the fluidity of the slurry. Moreover, when the bubble volume fraction exceeds 15 vol %, the total resistance of the pipeline is less than the gravitational potential energy of 1.72 MPa, allowing the realization of self-flowing transport. As shown in Figure 10 , there is a non-linear relationship between the total resistance and the bubble volume fraction, according to the polynomial, the critical bubble volume fraction is 12 vol %. Table 5 compares the pressures in the pipeline and the elbow for the various bubble volume fractions. As shown in Table 5 , the total and average resistances of the elbow also decrease as the bubble volume fraction increases. Moreover, when the bubble volume fraction is greater than 15 vol %, the total resistance reduction at the elbow compared with the cement slurry alone exceeds 0.0012 MPa, corresponding to a proportional reduction of more than 14%, whereas the reduction in the average resistance exceeds 0.72 kPa/m, corresponding to a proportional reduction of more than 13%. The results indicate that, although the total resistance of the pipe elbow is less than 1% of that of the pipeline, the average resistance of the elbow is 2 to 3 times that of the pipeline as a whole. This leads to a rapid increase in the local resistance, resulting in increased resistance at the elbow. W represents the percentage of pipe average resistance in elbow average resistance.
Velocity
Control of the transport velocity of the slurry is also an important factor in pipeline transport [36] . When the velocity is too low, settlement of the solid particles will occur. By contrast, when the velocity is too high, the stress induced by the slurry on the pipe wall is enhanced, and the frequency with which the solid particles impinge on the pipe wall increases, which can easily to cause the wall of the pipe to wear and even deform. The velocities of the slurry for various bubble volume fractions are shown in Figure 11 . As shown in this figure, the maximum velocity among all considered cases is 4.68 m/s for a bubble volume fraction of 30 vol %, and the minimum velocity is 3.91 m/s for a bubble volume fraction of 35 vol %. These velocities do not vary monotonically with the bubble volume fraction but satisfy the requirements for pipeline transport. The velocity distribution for a bubble volume fraction of 15 vol % is shown in Figure 12 , which shows an obvious flow core zone in the vertical and horizontal sections of the pipe. In the elbow, however, the flow core zone gradually becomes smaller and moves from the center of the pipe to the outside of the elbow. Let us consider the inlet section (y = 1 m), the elbow section (y = x), and the outlet section (x = 1 m) separately to study the change in the velocity on the vertical surface at the elbow in Case 4. As shown in Figure 13 , the flow core zone is shifted toward the outside of the elbow, and the shape of the flow core zone changes from an "O" shape to a "U" shape. Moreover, there is a high-velocity area concentrated at the outside of the elbow, and the shear stress on the wall increases, which can easily cause wear. 
Effect of Bubble Diameter
The bubble diameter is an important parameter affecting the performance of a foam [37] . When the diameter is too small, the bubbles cannot effectively adsorb solid particles. By contrast, when the diameter is too large, a defoaming phenomenon can easily occur. Therefore, it is necessary to simulate the performance of foam slurry pipeline transport for various bubble diameters. The diameter of foam is 30-100 μm; thus, five different levels were selected for the simulations: 30, 47.5, 65, 82.5, and 100 μm.
The resistance and velocity results are shown in Figure 14 . As shown in this figure, the diameter has little influence on the resistance in the pipe. The impact on the velocity is slightly larger, but the velocity still generally remains between 4 and 5 m/s, which is within the acceptable range. Thus, the bubble diameter has little effect on the transport properties of TFSB. 
Industrial Applications
According to the analysis of the CFD simulations, the rheological properties of TFSB are predominantly affected by the bubble volume fraction. Using TFSB can effectively reduce the resistance during slurry pipeline transport and the wear on the pipe, and self-flowing transport can be realized when the bubble volume fraction is higher than 15 vol %.
Based on the CFD simulations and the laboratory tests, the optimal material parameters can finally be determined as follows: a cement-to-sand ratio of 1:5, a bubble volume fraction of 15-20 vol %, a foam flow rate of 8-12 m 3 /h, and a backfill ability of 50-60 m 3 /h. The number S01, N02, and S05 goafs at the 0 m level in mine were chosen as the industrial tests area. After the backfill of the goaf and the achievement of condensation stability, the rate of pit roof support was larger than 90%. The test results in Table 6 show that the 7 and 28-day strengths greater than 1.2 and 2.3 MPa, respectively. Thus, the TFSB showed a good backfill effect.
A comparative analysis of the economic indicators for the conventional cement slurry and TFSB shows that, although the use of TFSB incurs an additional cost for the foaming agent, it simultaneously reduces the amount of cement consumed. As shown in Table 7 , for a cement unit price of 0.05 $/kg and a foaming agent unit price of 6 $/kg, the use of TFSB saves $1.56 per cubic meter of the backfill. For mine "A", which mines 1 million 800 thousand tons of stone annually and has an annual backfill volume of 600 thousand cubic meters, under the assumption of a direct savings in material cost of 1.56 $/m 3 , the mine would save 220 thousand tons of cement per year and would consequently reduce the annual backfill cost by 936 thousand dollars, which represents an enormous economic benefit. 
Conclusions
This paper develops a three-dimensional CFD transport model of a backfill pipeline, which is used to study the pipeline transport properties of TFSB. Simulated results indicate that TFSB can maintain a steady state during pipeline transport, experiences a markedly reduced pipeline transport resistance and exhibits better liquidity than conventional cement slurry.
Furthermore, a multiphase flow model is established using the mixture method in FLUENT to study the evolutions of the foam phase, pressure, and velocity in the pipeline system for different bubble volume fractions and bubble diameters. The results show that, as the bubble volume fraction increases, the resistance of the pipeline decreases and the fluidity improves. By contrast, the bubble diameter has little effect on the transport properties of TFSB.
The combined results of the CFD simulations, slump tests, and strength tests indicate that, when the bubble volume fraction is 15-20 vol %, TFSB can satisfy the necessary strength requirements, good fluidity, and exhibit self-flowing transport. Furthermore, TFSB represents an enormous economic benefit.
Finally, although the CFD technique provides an intuitive and accurate basis for pipeline transport research with regard to TFSB, several factors were not addressed in the design of this study, including temperature, free fall, and the solid particle phase. Therefore, a more comprehensive study of the problem will be conducted in future work.
